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The  recent  discovery  of  a  new  family  of  non-oxide  glasses 
based  on  mixtures  of  Zrf’4  or  Hfi'4  with  other  metallic  fluorides 
by  M.  Foulain  and  coworkers  offers  great  potential  in  optical 
fiber,  window  and  source/detector  application.  Due  to  the 
limited  phase  diagram  data  available  for  the  binary,  ternary 
and  multicomponent  fluoride  systems  currently  employed  to 
synthesize  these  glasses  most  of  the  progress  in  identifying 
new  compositions  has  proceeded  along  empirical  lines.  The  data 
base  developed  for  fluoride  systems  has  been  expanded  and 
employed  to  calculate  the  composition  of  maximum  liquid 
stability  in  the  ZrF^-LaF2"BaF2  and  the  ZrF^-BaF-NaF  ternary 
systems  where  glass  formation  has  been  observed.  Recalculation 
of  the  fcc/bcc  equilibria  in  the  iron-  aluminum-maganese 
systems  at  high  temperatures  in  order  to  reflect  the  specific 
effects  of  ordering  in  the  bcc  phase  does  not  produce  any 
substantial  changes  in  comparison  with  earlier  results  obtained 
without  specific  consideration  of  ordering.  An  analysis  of 
the  titanium-carbon-nitrogen  system  coupling  the  thermochemical 
and  phase  diagram  data  has  been  performed  to  permit  calculation 
of  the  ternary  phase  diagram  and  thermochemical  properties 
over  a  range  of  temperature.  This  information  should  be 
useful  in  vapor  deposition  of  coatings  based  on  this  system 
which  are  used  in  metal  cutting  and  wear  resistance  applications. 


1 .  PROGRESS  DURING  THE  CURRENT  YEAR 


1 .  Calculation  of  Ternary  Fluoride  Glass  Compositions 
The  recent  discovery  of  a  new  family  of  non-oxide  glasses 
based  on  mixtures  of  ZrF4  or  Hi'F^  with  other  metallic 
fluorides  by  M.  Poulain  and  coworkers  offers  great  potential 
in  optical  fiber,  window  and  source/detector  application. 

Uue  to  the  limited  phase  diagram  data  available  for  the 
binary,  ternary  and  multicomponent  fluoride  systems  currently 
employed  to  synthesize  these  glasses  most  of  the  progress 

in  identifying  new  compositions  has  proceeded  along  empirical 
lines.  In  order  to  remedy  this  situation,  the  development 
of  a  data  base  covering  fluoride  glasses  has  been  undertaken. 
Coupled  thermochemical  analysis  of  the  ZrF4~BaF2,  ZrF^-LaF^, 
ZrF4-PbF2,  ZrF4-NaF,  ZrF4~KF ,  ZrF4~RbF  and  ZrF4-CsFj  LaF'3-BaF2 
and  BaF2~NaF  systems  was  completed.  The  results  were  employed 
to  calculate  the  composition  of  maximum  liquid  stability  in 
the  ZrF4-LaFj-BaF2  and  the  ZrF4-BaF'2-NaF  ternary  systems  where 
glass  formation  has  been  observed.  Technical  presentation 
of  this  material  has  been  made  at  the  AFOSK  sponsored  Inter¬ 
national  Symposium  on  halide  and  Non-Oxide  Glasses  and  at 
CAL.PHA1)  XI  at  Argonne  National  Laboratory.  A  paper  covering 
the  details  of  the  data  base  structure  is  presently  being 
prepared  for  publication  in  the  CALPHAU  journal.  A  summary 
of  the  results  is  shown  in  Section  IV  on  pages  4-6  of  this 
report . 

2 .  Calculation  of  the  Effects  of  Ordering  Reactions  on  the 
FCC/BCC  Equilibria  in  Iron-Aluminum-Based  Ternary  Alloys 

In  the  previous  annual  report  the  ManLabs  Data  Bank  was 
employed  to  compute  the  effect  of  nickel  and  maganese 
additions  on  the  fcc/bcc  equilibrium  in  iron-aluminum  alloys 
for  use  as  high  temperature  engine  components.  The 
calculations  reported  were  performed  without  specific  concern 
for  ordering  in  the  bcc  phase.  Section  V  pages  7-26  contains 
an  analysis  of  the  ordering  reactions  in  the  iron-aluminum 
system  and  a  recalculation  of  the  fcc/bcc  equilibria  in 


t 

iron-aluminum-manganese  and  iron-aluminum-nickel  alloys.  The 
g  conclusion  of  these  calculations  is  that  specific  consideration 

of  the  ordering  effects  do  not  materially  alter  the  results 
reported  previously. 

3.  Thermodynamic  Evaluation  of  the  Titanium-Carbon-Nitrogen 
T,  Phase  Diagram 

Vapor  deposited  titanium  carbide,  titanium  nitride  and  titanium 
carbo  nitride  are  finding  extensive  use  in  metal  cutting  and 
wear  resistance  applications.  An  analysis  of  the  titanium- 
carbon-nitrogen  system  detailed  in  Section  VI  on  pages  27-52 
couples  the  limited  binary  phase  diagram  data  and  thermochemistry 
in  order  to  provide  calculated  ternary  sections  and  chemical 
activity  information  for  a  wide  range  of  temperatures. 

I I .  PROGRAM  PERSONNEL 

Technical  activities  during  the  past  year  have  been  carried 
out  by  L.  Kaufman,  J.  Agren,  F.  Hayes,  D.  Birney,  J.  Nell, 

L.P.  Warekois,  S.  Sprung,  S.  Drake  and  C.  Bidden  of  ManLabs,  Inc. 

*  • 

III.  TECHNICAL  LECTURES 

Technical  lectures  covering  various  aspects  of  the  work 
conducted  under  this  program  have  been  presented  at  the 
j.  International  Symposium  on  Halide  and  Non-Oxide  Glasses, 

Cambridge,  England  March  1982,  CALPHAD  XI,  Argonne  National 
Laboratory  May  1982  and  the  Alloy  Workshop  ,  Los  Alamos 
National  Laboratory,  September  1982. 
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IV.  CALPHAD  CALCULATION  OF  TERNARY  FLUORIDE  GLASS 

COMPOSITIONS* 


L.  Kaufman,  J.  Agren,  J.  Nell  and  F.  Hayes 
ManLabs,  Inc.  21  Eric  St.,  Cambridge,  Mass.  02139  USA 

The  recent  discovery  of  a  new  family  of  non-oxide  glasses  based 
on  mixtures  of  ZrF^  or  HfF^  with  other  metallic  fluorides  by  M.  Poulain 
and  coworkers  offers  great  potential  in  optical  fiber,  window  and  source/ 
detector  application.  Due  to  the  limited  phase  diagram  data  available 
for  the  binary,  ternary  and  multicomponent  fluoride  systems  currently 
employed  to  synthesize  these  glasses  most  of  the  progress  in  identifying 
new  compositions  has  proceeded  along  empirical  lines.  In  order  to  remedy 
this  situation,  the  CALPHAD  method  (1-3)  for  coupling  phase  diagram  and 
thermochemical  data  has  been  applied  to  develop  a  data  base  covering 
metallic  fluorides.  The  objective  is  to  permit  computation  of  multicomponent 
phase  diagrams  which  can  be  used  to  identify  the  composition  range  where 
f  tie  liquid  is  most  stable.  The  latter  offers  opportunities  for  glass 
formation  as  demonstrated  by  predictions  of  new  metallic  glasses.  Currently 
the  data  base  covers  combinations  of  0.2  ZrF  ^(ZF) ,  0.25  LaF^fLF),  0.333  BaF^fBF), 
0.333  PbF2(PF),  0.5  NaF(NF),  0.5  RbF(RF),  0.5  CsF(CF)  and  0.5  KF(KF)  which 
have  been  developed  along  the  lines  described  earlier  for  III-V,  II-V1  and 
SIALON  systems  (2-3).  Figures  l  and  2  and  the  accompanying  tabular  material 
show  bow  the  computed  liquidus  contours  in  LF-ZF-BF  and  BF-ZF-NF  disclose 
the  range  of  composition  in  which  the  liquid  has  the  greatest  stability. 

These  compositions  agree  well  with  those  in  which  Poulain  and  coworkers 
have  discovered  glass  formation  (4,5). 


*This  work  has  been  sponsored  by  the  Air  Force  Office  of  Scientific  Research, 
Bolling  Field,  D.C.  under  AF4962-80-C-0020. 
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Figure  1.  Calculated  Edge  Binary  Systems  and  Liquidus  Projections  in  the  LF-ZF-BF  Systc: 
The  hatched  region  in  the  ternary  denotes  the  glass  forming  composition 
range  established  experimentally  by  Lccoq  and  Pouiaine  (4). 

SUMMARY  OF  LATTICE  STABILITY,  SOLUTION  AND  COMPOUND  PARAMETERS,  J/g.at.,  K 
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Figure  2.  Calculated  Edge  Binary  Systems  and  Liquidus  Projections  in  the 
BF-ZF-NF  System.  The  hatched  region  in  the  ternary  denotes  the 
glass  forming  composition  range  established  experimentally  by 
M.  Poulain,  M.  Poulain  and  J.  Lucas  (5). 
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A  SIMPLIFIED  TREATMENT  OF  THE  THERMODYNAMICS 
OF  THE  ORDER/DISORDER  REACTIONS 
IN  THE  FE  -  A1  SYSTEM 
JOHN  AGREN 


Abstract 

The  Gibbs  energy  difference  between  ordered  and  dis¬ 
ordered  bcc  phase  in  the  Fe  -  A1  system  is  presented  as  an  explicit 
expression  of  composition.  A  power  series  expansion  based  on  the 
shape  of  the  Cp-curve  is  used.  The  thermodynamics  of  the  Fe  -  A1 
phase  diagram  is  evaluated  and  the  diagram  is  calculated  with  the 
new  model  for  the  bcc  phase.  The  Fe  -  A1  -  Mn  and  Fe  -  Al  -  Ni 
ternaries  are  calculated  applying  a  subregular  approximation  of 
the  new  s e r i e s -expans  ion .  The  deviations  from  previous  calculations 
where  no  distinction  between  ordered  and  disordered  bcc  was  made, 
are  found  to  be  very  small. 
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A  Simplified  Treatment  of  the  Thermodynamics  of  the 
Order/Disorder  Reactions  in  the  Fe-Al  Phase  Diagram 


1 .  Introduction 

It  is  well  known  that  different  types  of  ordering  (i.e.  magnetic 
or  chemical)  contribute  considerably  to  the  thermodynamic  properties 
of  a  solid  solution.  Consequently  the  corresponding  phase  diagram  might 
be  strongly  affected  by  the  occurance  of  ordering.  Inden  (1)  has 
presented  extensive  theoretical  analyses  of  the  order/disorder  reactions 
in  binary  alloys.  In  a  disordered,  random  solution  the  Bragg-Williams 
approximation  and  different  regular  solution  models  yield  the  Gibbs 
energy  as  a  simple  algebraic  function  of  the  composition  of  the  solution. 
In  a  partially  ordered  phase  the  simple  models  also  predict  a  dependence 
of  the  degree  of  order  on  composition  and  temperature.  The  most  stable 
state  of  ordering  for  a  certain  composition  and  temperature  is  then  the 
one  that  yields  the  lowest  Gibbs  energy.  Thus  it  is  not  possible  to 
write  the  Gibbs  energy  simply  as  an  explicit  function  of  the  composi¬ 
tion.  In  many  applications  it  is  desirable  to  express  the  Gibbs  energy 
as  a  explicit  function  of  composition.  Inden  (2)  has  presented  a  method 
where  the  ordering  contribution  to  Gibbs  energy  is  expanded  in  a  power 
series  of  the  temperature.  The  coefficients  are  functions  of  composition 
and  adjusted  to  fulfill  certain  criteria.  In  the  present  work  a  slightly 
different  method  will  be  applied  to  the  Fe-Al  system.  The  method  is 
based  on  the  work  by  Inden  (3)  and  has  recently  been  applied  to  the 
magnetic  ordering  in  alloys  (4).  The  purpose  of  the  present  work  is  to 
show  how  the  order/disorder  reactions  can  be  incorporated  in  a  Calphad 
framework  without  an  undue  increase  in  complexity. 


2 .  The  Model 


The  integral  molar  Gibbs  energy,  G^,  of  a  phase  can  be  separated  into 


two  parts, 


G  =  GdlS  +  (G  -GdlS) 
mm  mm 


(1) 


,dis 


The  first  term  G^  is  the  Gibbs  energy  for  the  completely  disordered 


state  and  is  obtained  from  a  regular  solution  type  of  model,  i.e.  — 


(2) 
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Cdls  =  Xp  °G  +  X  °Ga1  +  RT 
m  Fe  Fe  A1  A1 


X„  In  X,,  +  XA1  In  Xn 

Fe  Fe  A1  A 1 J 


+  X_  XA1  L„ 

Fe  A1  FeAl 


where  is  3  constant  for  a  regular  solution  and  exhibits  a  linear 

concentration  dependency  in  the  subregular  case.  °G  and  °GA1  are  the 

Gibbs  energ ie®  for  the  pure  elements  for  the  structure  cons iaored . 

The  second  term  will  now  be  evaluated  by  a  method  which  has  been 
applied  to  the  magnetic  ordering  in  bcc-Fe  (4,5,6),  and  is  a  modification 
of  a  method  initially  proposed  by  Inden(3).  Inden  found  that  the  following 
expressions  gave  an  adequate  description  of  the  contribution  from  order/dis¬ 
order  reactions  to  the  specific  heat  c^, 


A  01 

Ac 

P 

.a  (!+t3) 

=  k  Rln 

(  1-T  ) 

T  <  1 

(3a) 

ACP 

,  S„,  (ts+1) 

=  k  Rln  (^TTf) 

T  >  1 

(3b) 

where!  =  T/Tc,  Tc  being  the  critical  temperature  where  all  long  range  order 

vanishes .The  superscripts  a  and  3  denote  the  states  with  long  range  order 

and  short  range  order  respectively,  and,  k  and  k'  are  constants.  By  applying 

the  first  three  terms  in  the  Me  Laurin  series  expansion  of  F]q.  3,  and 

integrating  from  T=  °°>  where  G^  =  Gd*S,  to  obtain  the  corresponding  enthalpy 

and  entropy,  we  can  write  down  the  expression  for  the  Gibbs  energy.  It  is 

.  6  ex 

convenient  to  express  k  and  k  in  terms  of  the  enthalpy  difference  between 
the  ordered  and  the  completely  disordered  state  at  0  K ,  because  this  quantity 
is  easy  to  obtain  by  counting  the  number  of  different  bonds.  By  introducing 
f  as  the  fraction  of  total  enthalpy  that  is  absorbed  above  T  (i.e.,  f=0 
when  there  is  no  short  range  ordering  above  Tc  and  the  total  enthalpy  is  then  due 
to  long  range  ordering  only).  We  obtain: 

-RT  kS=  J40 
L  79 


f  AH 


dis  -*■  ord 
T=0 


(4a) 


-RT  ka=  J_20 
L  71 


(1-f) 
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dis  -►  ord 
T=0 


(4b) 
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Inden  (7)  suggests  that  f=0 .4  should  be  used  for  bcc-phases  in 

•  «  •  ,  ci  1  s 

general.  By  inserting  Eq.  4  m  our  expression  for  Gm_G  and  setting 

1=0.4  we  obtain: 

G  ;  -G*“-  1(1) 

mm  T=U 


(5) 


where 
I  (T )  = 


'0.7089  (T'4/]0+T_14/315+r24/600) 

T  >  1 

1-  1 . 1046T+1.0 14 1  (t4/6+t  10 / ]35+t 16/600) 

T  <  1 


(6a) 


(6b) 


For  B2  ordering  Inden  obtained  7a  and  7b  by  counting  the  number  of 
different  a- bonds; 


AH 


dis  -*■  ord 
T=0 


-RX2  (4w'-3W2) 
A1 


0<XA1i0.5 


-R(  1-X  )2(4w'-3W2) 

A  1 


0 .5  <  X. ,  <  1 
A1 


(7a) 


(7b) 


t 


C 


and  the  Bragg-Wi  ]  1  iams  approximation  yields; 

TC  =  XA 1 ( 1 ”XA  ) )  (8W'  "  6w2>  (8) 

12 

W  and  W  are  the  so  called"exchange  energies" (expressed  in  k-units)  for  the 
nearest  and  next  nearest  neighbours.  The  Bragg-Williams  approximation  does 
not  account  for  short  range  order  and  consequently  it  predicts  a  critical 
temperature  which  is  too  high.  Inden  found  that  one  could  introduce  a 
correction  factor  <  to  the  value  calculated  by  means  of  Eq.  8  and  obtain 
'.’ood  agreement  with  calculations  based  on  the  cluster-variation  method  which 
do  account  for  short  range  order. 

3 .  Application  to  the  Fe-Al  Phase  Diagram 

For  Fe-Al  Inden  (2)  reports  W*=1478  and  W2=794  (k-units,  k=!3.8.10  24 
J/atom)  and  <=0.68.  By  applying  these  values  it  is  possible  to  calculate 
the  critical  temperatures  for  B2  and  D03  ordering.  This  was  done  by 
Miodownik  (8)  who  also  made  a  comparison  with  experimental  information  and 
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found  the  calculated  temperatures  too  low.  To  obtain  agreement  with  the 

experimental  temperatures  at  XA^=0.25  he  chose  W  =1588  but  kept  the  other 

values  unchanged.  A  further  investigation  reveals  that  there  are  still 

large  discrepancies  when  XAj<0.25  or  XAj>0.25.  To  obtain  a  better  agreement 

over  the  whole  composition  range  and  must  be  allowed  to  vary  with 

composition.  This  can  be  done  with  a  reasonable  increase  in  effort  and 

good  agreement  with  the  low-temeprature  data  is  then  obtained.  However,  it 

is  found  that  this  procedure  overestimates  the  stability  of  the  bcc-phase 

relative  to  the  liquid  at  high  Al-content  (XA^>0.4)  where  no  information  on 

the  critical  temperatures  is  available.  To  overcome  this  problem  it  is 

1  2 

necessary  also  to  introduce  temperature-dependencies  in  W  and  W  .  It  is  a 
substantial  increase  in  complexity  to  evaluate  both  a  concentration  and 
temperature  dependency  and  it  was  thus  decided  to  accept  Miodownik's  parameters 
to  avoid  these  difficulties. 

•  dis  • 

Eqs.  5-10  completely  determine  the  term  G  -G  in  Eq.  1.  The  remain- 

m  m 

ing  thermodynamic  quantities  are  now  to  be  determined  to  comply  with  the  available 
information. 

Kaufman  and  Nesor  (9)  analyzed  the  Fe-Al  phase  diagram  without 
distinguishing  between  the  ordered  and  disordered  bcc-phase.  The  present 
analysis  follows  their  evaluation  except  that  the  ordering  has  been  accounted 
for.  The  total  Gibbs  energy  of  the  bcc-phase  was  obtained  by  adding  the 
ordering  contribution  given  by  Eq.  5  to  the  Gibbs  energy  of  the  disordered 
solution  given  by  Eq.  2.  It  was  then  necessary  to  adjust  all  parameters 
given  by  Kaufman  and  Nesor  and  the  new  parameters  are  summarized  in 
Appendix  A. 

4 .  Calculated  Quantities 

The  recalculated  phase-diagram  is  shown  in  Figs.  1-3.  Fig.  2  shows  a 
magnified  view  of  the  compound  equilibria  and  Figs.  3a  and  3b  show  the 
equilibria  with  the  fcc-phase .  In  Figs.  4a  and  4b  comparisons  are  made  with 
thermochemical  data  from  Hultgren  (10)  the  calculations  according  to  Kaufman 
and  Nesor  (9)  and  the  present  analysis.  While  the  agreement  between  the 
enthalpy  of  formation  as  reported  by  the  different  sources  is  satisfactory, 
there  are  larger  discrepancies  for  the  excess  free  energy  of  Al.  However, 
the  experimental  scatter  was  large  in  the  latter  quantity  and  the  new  values 
fall  within  the  error  limits  given  by  Hultgren. 
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Figure  1.  Calculated  Iron-Aluminum  Phase  Diagram 
(see  Figure  3a  for  the  fcc/bcc  detailed 
equilibria) 
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figure  4a.  Molar  Lnthalpy  of  Mixing  of  Iron-Aluminum  Alloys 
and  Heat  of  formation  of  Compounds  as  a  function 
of  Composition  at  29S°K.  The  Crosses  denote  the 
values  given  by  Hultgren  (.Reference  10),  the 
dashed  heavy  curve  for  the  bcc  phase  is  due  to 
Kaufman  and  Nesor  (Reference  9)  and  the  open 
circles  for  the  compound  phases  is  due  to  Kaufman 
and  Nesor  (Reference  9),  The  remaining  curves 
and  the  closed  circles  are  from  the  present 
analysis . 


f  figure  4b.  The  Partial  Excess  Gibbs  Tree  Energy 

of  Aluminum  in  bcc  iron-aluminum  alloys 
at  1173°K  divided  by  the  atomic  fraction 
of  iron  squared  shown  as  a  function  of 
the  aluminum  concentration.  The  heavy 
line  is  due  to  Kaufman  and  Nesor 

f  (Reference  9)  while  the  crosses  (and 

error  bars)  are  from  llultgren  (Reference 
10).  The  remaining  curves  refer  to  the 
present  analysis. 
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5.  Subregular  Approximation 

It  is  interesting  Co  see  Co  whaC  extent  Che  new  formalism  can  be 
approximaced  by  a  subregular  model.  The  following  approx imac ions  were 
obtained  for  XAJ<0.5  by  plotting  the  quantity  AG/X^Xpg  and  fitting  a  suit¬ 
able  straight  line  to  the  resulting  curve.  The  following  results  were  obtained 


for  T  >  T  and  X,,>0.2 
cr  A1 


AG/XA1XFg  «=  2.0)6. 10  3(4W'-3W2)  T  (  3. 75XFg- 1 1 .49Xftl  j 


X.,  <0.2,  AG  -  0 

AJL 


For  T  <T 


AG/X  XA1  *=  R(4w’-3W2)  (0.4444X-.  -  2.4126XA1  ) 

Fe  A1  »  Fe  A1  / 


-R  1.1046  T  (  0.9789Xpt  -  8.817IXA1 j 


-T‘t4w'-3W2)3  (  68',9XFc  *  l42XAl) 


E  bcc  E_bcc 

where  AG  =  G  -  G...  .  ,  in. 

(dxs)  (  10) 

with  the  actual  values  for  Fe-Al  inserted  we  obtain (with  A 2=d isordered  bcc) 

T>TCr'XAl>0'2: 

C^m2  *  WA1  (  7'455  11)15  XFe~  22'844  l0'5,iAl)  t"* 


T  <  T  : 
cr 


Cd  "Gm2  s  hehl  [  (  14669-6 .6  IT- 1 .09  I0'9  T4)xpf 

+  (  -79635  +  59.54T  -  2.27  IQ-9  T4  )  xj 
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Both  above  and  below  the  critical  temperature  a  strong  asymmetric  term  is 

-4  4 

obtained.  The  temperature  dependencies  T  and  T  are  also  strong. 

In  Figs.  5a,  b,  c  and  d  these  approximation  formulas  have  been  com¬ 
pared  with  Eqs.  5-8.  The  agreement  is  quite  good  except  in  the  transition 
region  between  disordered  and  ordered  state. 

6.  Calculation  of  Isothermal  Sections  in  Fe-Al-X,  X=Mn,Ni 

Once  the  thermodynamics  of  the  binary  solutions  have  been  established 
the  properties  of  a  ternary  phase  can  be  evaluated  directly,  assuming 
that  there  are  no  specific  ternary  effects.  In  a  rigorous  treatment  the 
order  disorder  contribution  is  still  given  by  eqs.  5-6,  but  AH  and  Tc 
are  now  to  be  evaluated  for  the  actual  ternary  composition.  It  is  a 
straight  forward  procedure  to  derive  expressions  for  AH  and  Tc  in  the 
ternary  case  but  the  final  expressions  are  rather  complicated.  In  the 
present  case  a  simpler  approach  will  be  taken.  The  Kohler  method  has 
been  applied  frequently  to  synthesize  the  properties  of  a  ternary  solution 
when  the  binaries  are  known,  see  for  example  ref. 11  .  Admittedly  there 
is  no  physical  justification  for  this  method  in  the  present  case  and  its 
.■eneral  features  have  recently  been  quest ioned(l2). However ,  the  use  of  the 
method  is  widespread  and,  for  the  sake  of  simplicity,  it  was  applied  here 
as  follows:  First  a  ternary  calculation  was  made  using  the  subregular 
model  assuming  a  completely  disordered  bcc-phase  described  by  the  Kohler 
method.  Thereafter  a  new  calculation  was  performed  with  the  order-disorder 


contribution  added.  When  X. 


<XFe‘XAl) 


<  0.20  the  latter  contribution 


is  approximately  zero,  as  can  be  seen  from  Fig.  5,  and  the  phase  boundaries 

follow  the  first  set  of  curves.  When  . ,/(X_  +X,,)>  0.30  the  subregular 

A1  Fe  A1 

solution  approximation  is  a  good  approximation  of  the  order-disorder 
contribution  and  the  phase  boundaries  thus  follow  the  second  set  of  curves. 
The  curves  in  the  transition  region  were  drawn  by  hand  assuming  a  gradual 
shift  from  one  set  of  curves  to  the  other  set. 

All  parameters,  except  those  for  Al-Fe,  were  taken  from  the 
ManLabs  data  bank  (14).  The  results  are  presented  in  Fig9.  6-7 
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igure  0.  Calculated  fcc/bcc  Equilibria  in  the  Iron-Manganese 
Aluminum  System  as  a  function  oi  temperature  between 
ordered  bcc  and  fee  solid  solutions.  The  dashed  curve 
shows  the  phase  boundary  for  the  disordered  bcc  phase. 
No  difference  was  noted  above  1173°K. 


It  can  be  seen  that  the  order-disorder  contribution  to  the  Gibbs 
energy  generally  yields  a  very  small  shift  of  the  calculated  phase  boundaries. 
Furthermore,  a  comparison  with  the  calculations  by  Kaufman,  (13)  who  did  not 
distinguish  between  ordered  and  disordered  state,  shows  that  there  are  no 
significant  discrepancies.  The  curves  fall  very  close  to  each  other. 

It  will  now  be  argued  that  the  present  procedure  probably  over¬ 
estimates  the  effect  of  ordering  on  the  bcc/fcc  equilibrium.  For  a  given 
temperature  the  composition  range  within  which  ordering  occurs  is  approximately 
given  by  the  parabola:  XA1  ^e  ■  constant  which  starts  from  the  binary  Al-Fe-side 
and  loops  into  the  ternary.  The  exact  relation  is  complicated  (8)  and  requires 
detailed  knowledge  about  the  order-disordering  reactions  in  the  other  two 
binaries.  The  parabola  is  a  reasonable  approximation  when  the  maximum  ordering 
temperatures  are  low  (but  still  above  0°K)  in  the  other  systems.  In  Fig.  8 
the  parabola  has  been  plotted  at  different  XA1  Xpe  values.  When  these  plots 
are  superimposed  on  the  calculated  bcc/fcc  equilibria  it  is  found  that  all 
temperatures  the  bcc/fcc  phase  boundary  falls  well  outside  the  field  of  ordered 
bcc .  lc  is  thus  concluded  that  the  true  phase  boundaries  must  follow  the  ones 
calculated  with  a  disordered  bcc  phase. 

As  a  final  conclusion,  it  would  be  worthwhile  to  examine  the  degree 

of  order  at  each  composition  in  the  bcc  phase  at  the  two  phase  bcc  +  fee  boundary. 

For  consistency  this  degree  of  order  should  coincide  with  the  degree  of  order  in 

tin*  iron-aluminum  binary  at  the  same  X.,/X„  ratio  which  characterizes  the 

A1  Fe 

ternary  composition.  If  this  is  not  the  case,  then  the  ternary  free  energy 
synthesized  from  the  binary  components  incorrectly  reflects  the  wrong  degree 
oi  eider.  In  the  present  case  the  errors  introduced  by  such  an  inconsistency 
d<>  not  a* pear  to  be  very  large.  However,  it  is  possible  that  such  errors  could 
be  substantial  in  other  cases  and  should  be  guarded  against. 

Note  in  Proof 

The  prior  discussion  of  Section  3  drew  attention  to  the  discrepancy 
between  the  experimental  ordering  temperature  and  the  calculated  value  for 
0.25  e_  XAj  0.50.  It  was  noted  that  compos i t  ional ly  dependent  values  of 
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W  and  W  would  be  required  to  eliminate  this  discrepancy.  It  was  also  noted 
that  such  an  alteration  would  lead  to  a  stabilization  of  the  bcc  phase  at 
high  temperature  and  a  resulting  excessive  elevation  of  the  melting  points. 
Notwithstanding  these  difficulties  an  attempt  was  made  to  evaluate  W  and  W 
as  a  function  of  composition  in  order  to  produce  an  ordering  temperature  vs. 
composition  curve  for  0.25  £  XA1  £  0.50  (8)  corresponding  to  1260K  at  XA^  = 
0.30  and  1570K  at  XA^  =  0.40.  The  resulting  expression  for  w'  is  given  by 
Equations  13  and  14  as: 

W1  =  1480  +  625  XA1  (13) 

and 

IT  =  846  -  372  XA1  (14) 

.  1  2 
These  new  values  compare  with  the  previous  values  of  W  =  1478  and  W  =  794 

.  •  .  1  2 
listed  in  Section  3.  These  expressions  for  W  and  W  as  provided  by 

Equations  (13)  and  (14)  were  substituted  directly  into  Equations  (5)  through 

(8)  to  reformulate  the  thermochemical  properties  of  the  iron-aluminum  system 

No  further  changes  in  the  remaining  parameters  for  the  iron-aluminum  system 

were  made  at  this  stage.  This  procedure  did  indeed  produce  an  excessive 

stabilization  of  the  bcc  phase  with  respect  to  the  liquid.  Nevertheless, 

tiiis  new  formulation  of  the  bcc  phase  was  employed  directly  to  derive  an 

effective  subregular  description  as  in  Section  5.  The  latter  step  was  accom- 

1,2 

plished  by  evaluating  W  and  W  at  XA^  =  0.5  from  Equation  13  and  14  since 

at  XAj  =  0.5  the  largest  difference  between  this  approximation  and  the 

former  calculation  exists.  Thus  for  this  case  w'  =  1793  and  =  660. 

Employing  these  values  in  Equations  (9)  and  (10)  permits  redefinition  of  the 

excess  free  energy  of  iron-aluminum  alloys  in  the  subregular  approximation. 

Subsequent  recalculation  of  the  Fe-Ni-Al  fcc/bcc  equilibrium  at  1273  with  the 

modified  results  did  not  yield  results  significantly  different  from  those 

shown  in  7c.  It  is  therefore  concluded  that  the  results  described  in  Section 

6  would  not  be  materially  altered  by  introducing  compos itionally  dependent 
1  2 

values  of  W  and  W  for  the  purpose  of  obtaining  a  better  description  of  the 
ordering  temperature  at  compositions  containing  more  than  25  atoms  percent 
aluminum. 
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Appendix  A:  Summary  of  Parameters  for  the  Fe-Al  System 
The  lattice  stabilities  from  Ref.  9. 

K  bcc ,dis 


m 


=  xFexA1  (-32345-37. 92T)Xpe  +  (-150252+51 .42T)X 


A1 


W1  =  1588,  W2  =  794  (k  units  k=13.8*10_2l!t  J/atom),  K=0.68 


E_fcc 


=  XFeXAl  (‘25022‘38  .01T)Xpe  +  (-106841+66. 70T)X 


A1 


E„L 


Gm  =  XFeXAl  <‘62760-14 .63T)XFe  +  (-96232+32 . 72T)XA1 

0 


0 


1  -  0.25  G^C-0.75  °G^C  =  -35275+8. 28T 

0.25  0.75  te  A1 


°Fe  A1  ”  0,286  °G^C-0.714  °G^C  =  -41169+11 .40T 
re0.286A10.714  Fe  A1 


°  J  o  o 

Fe0.333A10.667  “  0,333  Gpe  -0,667  =  -37872+4. 73T 


^  °  bcc  °  bcc 

°Fe  A1  "  0,4  ^r-0’6  °Fe  =  ‘23863-2.771 

0.40  0.60  Ai  te 


-26- 


J/mol 

J/mol 

J/mol 

J/mol 

J/mol 

J/mol 

J/mol 


I 


I 


) 


T 


VI  A  THERMODYNAMIC  EVALUATION  OF  THF. 

TITANIUM-CARBON-NITROGF.N  PHASF.  DIAGRAM. 

John  Agren 


1 . 0  Introduction 

The  use  of  vapor  deposited  TiC,  TiN  and  Ti(C,N) 
coatings  for  improving  the  performance  of  cutting  tools  and  wear 
resistant  surfaces  enhances  the  value  of  information  on  the 
thermochemistry  and  phase  diagram  of  the  Ti-C-N  system. 

Since  the  crystal  structures  of  the  compounds  TiC  and 
TiN  are  the  same,  it  is  likely  that  these  compounds  form  a  solid 
solution.  However,  the  experimental  Ti-C  and  Ti-N  phase  diagrams 
reported  to  date  are  not  very  well  established  and  very  little 
thermodynamic  data  is  available  for  the  binary  cases  or  the 
Ti-C- i I  ternary.  The  purpose  of  the  present  work  is  to  evaluate 
all  the  information  available  in  terms  of  thermodynamic  models 
for  the  individual  phases  and  synthesize  the  binary  and  ternary 
phase  diagrams. 

2 . 0  Thermodynamic  Models 
2 . 1  Liquid 

The  simplest  models  that  cover  the  whole  concentration 
range  are  the  regular  or  subregular  solution  models.  The  formation 
of  the  solid  compounds  TiC  and  TiN  in  the  binaries  suggests  that 
some  ordering  or  formation  of  molecular  species  might  take  place 
in  the  liquid  around  the  stoichiometric  compositions.  However, 
a  high  degree  of  association  is  not  observed  in  the  gas  phase  and 
vaporization  of  titanium  carbide  yields  titanium  and  carbon  polymers. 
The  Fe-S  system  has  recently  been  treated  by  assuming  the  presence 
of  molecular  species  (1)  and  by  assuming  ordering  (2).  Both 
treatments  yield  a  satisfactory  agreement  with  experimental  data, 
and  predict  a  very  rapid  change  in  activity  close  to  the 
stoichiometric  composition.  This  rapid  change  is  difficult  to 
describe  with  a  regular  or  subregular  solution  model,  and  generally 
many  terms  will  be  needed  in  the  series  expansion  of  the  excess 
energy . 
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The  abnormal  behavior  of  the  activity,  compared  to  what 
the  regular  solution  model  predicts,  reveals  itself  in  the  phase- 
diagram  by  giving  the  compound  a  liquidus  curve  formed  more  like 
a  wedge  instead  of  a  parabola. 

In  the  present  case  the  experimental  data  on  the  L/TiC 
fliquid/TiC)  and  L/TiN  equilibia  is  too  meager  to  reveal  the  shape 
of  the  liquidus  curves  accurately,  and  no  thermodynamic  data  for 
the  liquid  phase  is  available.  For  the  sake  of  simplicity  the  liquid 
was  thus  described  with  the  subregular  solution  model.  The  cor¬ 
responding  equations  are  summarized  in  Appendix  B. 

2 . 2  Solid  Phases 

The  TiC  and  TiN  phases  both  have  a  Nacl-structure .  However, 
a  rather  wide  range  of  homogenuity  is  observed:  Ti,.  T  with 

l  *  **X  J  X 

0.32<  x  <  0.49.  First  an  attempt  was  made  to  describe  TiC  as  a 
subregular  solution.  This  attempt  was  not  very  successful  and  a 
new  approach  was  tried.  From  the  crystallographic  point  of  view 
TiC  and  TiN  consists  of  two  sublattices  and  the  variation  in 
composition  is  due  to  a  varying  number  of  vacant  carbon  or  nitrogen 
sites.  ( 3 ) .  It  was  thus  decided  to  apply  the  sublattice  model 
which  was  developed  by  Hillert  and  Staffansson  (4)  and  later  gen¬ 
eralized  by  Sundman  and  Agren  (5)  and  recently  applied  to  the  Fe-S 
system  (2).  This  approach  was  more  successful  and  yielded  a 
satisfactory  description  of  all  the  available  information. 

Hexagonal  titanium  exhibits  a  rather  largo  solubility  for 
N  and  the  choice  of  thermodynamic  model  might  be  important.  Recently 
16)  the  hexagonal  solution  of  N  in  Fe  was  treated  by  means  of  the 
sublattice  model.  In  agreement  with  that  treatment  we  chose  the 
upper  limit  of  N-solubility  in  hcp-Ti  as  1/3  corresponding  to  the 
compound  Ti,N.  For  the  bcc-phase  we  also  applied  the  sublattice 
model  with  3  interstials  per  Ti-atom  as  in  the  Fe-C-case  (see  Ref. 6) 

The  equations  for  the  sublattice  model  are  summarized  in 
Appendix  B . 
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3 . 0  Evaluation  of  Parameters  for  Phases  in  the  Titanium-Carbon 
System 

The  free  energy  of  formation  of  stoichiometric  TiC  has 
been  tabulated  by  Hultgren  (3).  Figure  1  shows  the  data  given 
by  Hultgren  as  symbos  and  the  solid  line  is  a  least  square  fit 
(assuming  a  linear  temperature  dependency)  to  the  data.  The  dashed 
line  is  calculated  according  to  the  parameters  given  by  Kubaschcwski 
and  Mcock  (7).  The  result  of  the  least  square  fit  is: 

°('4ic  _  °GJiC-  °G£r  =  -45012  +  3.428T  (cal/mol)  (1) 

and  was  accepted  in  the  present  study.  Storms  (8)  has  compiled  data 
on  the  Ti  partial  pressure  over  TiC  at  equilibrium  with  graphite  at 
different  temperatures  (See  Fig.  2)  Kubaschewski  and  Alcock  (7)  give 
the  vapor-pressure  of  pure  Ti  as: 

log  P°Ti  =  -  24400/T  -  0.91  log  T+10.299  (2) 

From  Eq2  we  can  evaluate  the  corresponding  free  energy  difference; 

°Ggas,  latm  _  oGbcc  =  Ul645  _  47.1241  *  1.808  TlnT  (cal/mol )  (3  ) 

!' y  combining  the  information  from  Storms  (8)  with  Eq.5  and 

°G^C  -  °G^C  =  -240  ♦  0.9T  (cal/mol)  (4). 

from  Kaufman  (9)  and  take  the  composition  of  Tic  in  equilibrium 

with  graphite  as  xlcc  =  0.49  according  to  Rudy's  phase  diagram  (10) 

^  F  F 

we  can  calculate  the  partial  excess  quantities  'G.^  and  G^  as 

functions  of  temperature  for  this  particular  composition.  The  phase¬ 
boundary  Ti/Tic,  as  reported  by  Rudy  (10),  can  be  used  to  evaluate 
Gjj  at  different  temperatures  along  the  phase-boundary  when  the 
solubility  of  C  in  Ti  is  neglected.  Assuming  linear  temperature- 
dependency  it  was  then  possible  to  evaluate  °LGy^CC  and  1LG^CC 
lrom  the  partial  quantities.  The  following  expressions  were  obtained: 

°LCVaCC=  "16°"  ♦  0.36T  (cal/mol)  (5a) 

V-ifCC  =  -38801  ♦  11.03T  (cal/mol)  (5b) 

bv  a  , 

The  solid  line  in  Figure  2  is  calculated  by  the  application  of  Eqs. 

5a  and  5b.  The  agreement  with  the  experimental  information  is 


< 
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igure  1.  The  Free  iinergy  oF  Formation  oi'  TiC  From  bcc  Ti 

and  Graphite  as  a  Function  oF  Temperature.  Solid 
Curve  designates  the  present  analysis  while  the 
Dashed  Curve  is  alter  Kubaschewski  and  Alcock  (.ReF.  6) 
and  the  points  are  From  Hultgren  (ReF.  3J 


Figure  2.  Pressure  of  Titanium  over  TiC  +  Graphite  as  a  function 
of  Temperature.  Solid  curve  is  from  the  present 
analysis,  points  are  from  Ref.  7. 


Yc 


Figure  3.  Pressure  of  Titanium  over  TiC  at  19Q0°K.  Solid 
Curve  is  from  Present  Analysis.  Points  are  from 
Ref  .7. 
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very  good.  In  Figure  3  the  Ti  partial  pressure  as  a  function  of 
composition  at  1900  K  has  been  plotted.  The  symbols  are  experiments 
reported  by  Storms  (8)  and  the  solid  line  is  calculated  from  the 
present  analysis.  The  agreement  is  satisfactory. 

The  position  of  the  melting-point  of  TiC  according  to  Rudy 
(10)  is  oc r  ~  9-44  and  T  =  3340k.  By  applying  the  new  evaluation  of 
TiC  and  the  lattice  stabilities  reported  by  Kaufman  (9)  one  can 
evaluate  the  subregular  solution  parameters  that  yield  this  melting- 
point.  furthermore,  temperature  dependencies  in  these  parameters 
can  be  evaluated  from  the  condition  that  the  L/TiC/Gr  eutectic 
occurs  at  3049K  and  the  L/TiC/Ti  eutectic  at  1923K  (from  Ref.  10.) 
The  following  values  are  then  obtained: 


°LCTi  =  -23185  -  10. 5T 


(ca 1/mol)  (6a) 


CTi 


*  30516  -  10. 5T 


11- 


(ob ) 


The  sublattice  model  for  the  bcc-phasc  yields  a  reasonable  description 
with  the  following  parameters: 

T  i  bee 


I 


CVa 


-  -50000 


( cal/mol ) 


>,.bcc  o-hep  , 
’ J  iC„  ‘  i  i  '  3 


°h£r  =  -449  9  6 


♦  0.49T 


(  7a  ) 
I  7b  ) 


I  he  hep-phase  has  a  very  low  solubility  of  carbon  and  it  is  thus 
difficult  to  evaluate  the  interaction  parameter.  Arbitrarily, 
this  was  chosen  the  same  as  in  bec  i.e. 


t  hep 
CVa 


L,b.^  =  -50000 

v-  V  <1 


w  a 


'cal  /mo  1  )  I  tin  > 

V  <1 

Mibsecpieii  t  1  y 

o..hcp  o  hep  w,o.,C.r  „71 

(*ii  ,N  "  1  (  Ti  'l,i  (,C  =5S74  ( 8b 

ho sen  to  yield  a  three-phase  cqui librium ftc/bcc/hcp  at  1193K. 

All  parameters  are  summarized  in  Appendix  B. 

4  .  I. valuation  of  Parameters  for  Phases  in  the  Titanium-Nitrogen 
S  v  s  taon . 

In  general  the  data  for  the  TiN'-System  is  meager.  The 
phase  diagiam  given  by  llultgren  (3)  is  not  very  well  established 
and  is  basically  the  same  as  the  one  in  Hansen's  compiliation  (11). 
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The  free  energy  of  formation  for  stoichiometric  TiN  however,  seems 
well  known.  A  least  square  fit  to  the  values  given  by  Hultgren  (3) 
yields : 


orfcc  orhcp  orgas 

TiN  -  i,Ti  -  i/i  =  ,7g666  +  21.42T  (cal/mol )  (9) 

This  expression  yields  values  in  good  agreement  with  those  calculated 
for  Kubaschewski  and  Alcock  (7).  In  addition  some  information  on  the 
enthalpy  of  mixing  in  the  solid  phases  is  available  from  Hultgren. 

Hultgrer.  also  gives  the  free  energy  of  mixing  for  0.45  <  x.,0.5  at  1930K. 

T  i  f  c  c  ^ 

A  solution  parameter  =  -25000  +4.4T  was  found  to  describe  the 

information  on  the  fee  phase  satisfactory.  In  Fig.  4  the  calculated 

values  have  been  plotted  together  with  Hultgren's  values.  The  parameters 

for  the  hep-phase  was  subsequently  evaluated  from  the  fcc/hcp  phase 

boundaries  as  reported  by  Hultgren.  The  following  values  were  obtained: 


°^Ti '  2  °fiTiP  ‘  1/2  °nN*S  =  -95^90  ♦  24. 7  IT 


( 10a  ) 


LNVaCP  =  *9985  *3*44T  Hob) 

The  enthalpy  of  mixing  in  the  hep  phase  can  now  be  calculated  as  a 
function  of  composition  and  the  result  is  presented  in  Fig.  6  together 
with  two  experimental  values  given  by  Hultgren.  The  agreement  is 
sat isfactory. 


In  Hultgren's  phase  diagram  a  tetragonal  phase  Ti2N  with  a 
very  narrow  composition  range  is  shown  at  low  temperatures.  This 
phase  was  treated  as  a  stoichiometric  compound  in  the  present  evaluation 
and  it's  free  energy  of  formation  was  evaluated  from  the  reported 
phase  boundary  with  hep  at  1310K  and  1200K,  yielding  the  following 
expression : 


o..tetragona  1 
l’Ti2N 


2  -  1/2  °(^as  =  -120692  ♦  43.06T  (cal/mol  » 

2  (11) 


The  highest  temperature  where  this  phase  is  stable  is  then  calculated 
as  1 32  IK  . 


It  is  very  difficult  to  evaluate  two  parameters  for  the  bcc- 
phase  because  the  N-solubility  is  rather  low.  Quite  arbitarily  it 
was  then  chosen  to  put: 

, T i bcc  _  n 


JNVa 


(12) 


The  remaining  parameter  was  then  adjusted  to  yield  a  hcp/bcc  equilibrium 
in  reasonable  agreement  with  Hultgren's  phase  diagram. 
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The  following  value  was  obtained: 


-°<4?P  -  3/2  °cf,as  =  -104155  ♦  31.22T  (13) 
TlNj  Tl  N2 

No  thermodynamic  data  for  the  liquid  phase  is  available, 
subregular  solution  parameters  were  adjusted  to  yield  an 
equilibrium  in  reasonable  agreement  with  llultgrens  phase 
The  following  parameters  were  found: 


The  two 
fcc/L 
diag  ram . 


=  -64482  -7.5T  (cal/mol)  (14a) 

N  1  1 

1  Lj:.r  -  =  -40975  ♦  7.  ST  (cal/mol)  (14b) 

Nil 

All  parameters  are  now  fixed  and  a  complete  phase  diagram  can  be 
calculated.  The  parameters  are  summarized  in  Appendix  B. 


5 . 0  Calculation  of  Ti-C  Phase  Diagram 

Combination  of  the  equations  in  Appendix  B  and  the  parameters 
in  Appendix  C  permit  calculation  of  the  phase  diagram  by  standard 
methods.  The  result  is  presented  in  Fig  5. 

Figure  6  compares  the  experimental  points,  the  phase  boundaries 
(dashed  curve)  suggested  by  Rudy  (10)  and  the  calculated  results 
(solid  lines).  The  agreement  with  the  suggested  solidus  curve  is 
very  good  whereas  the  agreement  with  the  suggested  liquidus  curve 
is  not  so  good.  However,  the  liquidus  curve  has  not  been  established 
experimentally  to  date.  It  should  however,  be  mentioned  that  the 
appearence  of  order  or  molecular  species  in  the  melt  will  deform  the 
liquidus  curve  to  a  shape  more  like  the  one  proposed  by  Rudy.  (10). 

0 . 0  Calculation  of  the  Ti-N  Phase  Diagram 

The  calculated  titanium-nitrogen  phase  diagram  is  shown 
in  Fig  7.  In  addition  Hultgrens  phase  diagram  is  displayed  using 
dashed  lines.  The  solid-phase  equilibria  are  in  a  ve-y  good  agree¬ 
ment  and  the  fcc/L-equilibrium  is  satisfactory.  In  both  Hansen’s 
and  liultgren's  phase  diagrams,  the  latter  equilibria  was  designated 
by  dashed  lines  to  indicate  that  the  shape  of  the  curves  is  very 
uncertain.  The  most  serious  discrepancy  between  the  reported  phase 
diagram  and  the  calculated  one  is  the  temperature  of  the  three-phase 
equilibrium  L/bcc/hcp. 
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1  igure  S.  Calculated  Titanium-Carbon  Phase  Diagram 


1  EMPER.VTURE. 


i- 


igure  7.  Titan ium-Mtrogen  Rhase  Diagram,  iulid  Curves  are 
calculated,  Dashed  Curves  are  alter  liultgren 
Re  Terence  4. 


In  Hultgren’s  diagram  it  is  around  2293K  (2020  °C)  whereas  the 
calculation  yielded  2037k  (1764°C).  It  is  easily  demonstrated 
that  this  part  of  Hultgren's  diagram  cannot  be  self  consistent 
since  close  to  the  edges  of  a  phase-diagram  the  width  of  a  two- 
phase  field  is  approximately  given  by  AG/RT,  where  AG  is  the 
free  energy  difference  between  the  two  phases  for  the  solvent 
fi.e.  Ti  in  this  case).  At  2293K  we  have  for  the  width  of  the 
L/bcc-f ield ,  :  AG/RT  =  0.15,  whereas  Hultgrens  diagram  yields 
about  0.02.  A  two-phase  field  which  is  wider  than  0.02  will 
tend  to  push  the  three-phase  equilibrium  to  lower  temperature. 
Altering  the  width  of  the  two-phase  field  by  changing  solution 
phase  parameters  cannot  be  done  realistically  because  the  nitrogen 
concentration  in  the  liquid  is  too  low.  It  might  instead  be 
possible  to  change  the  description  of  the  bcc  phase  but  the  N- 
concentrat ion  in  that  is  also  rather  low  and  non-realistic  values 
are  required  to  obtain  agreement  with  Hultgren.  In  the  latter 
case  one  also  has  to  change  the  hep  and  fcc-phases  if  one  wants 
to  keep  the  agreement  with  the  solid-phase  equilibria  in  the 
reported  phase  diagram. 


Calculation  of  Ternary  Sections 


astern 


In  general  calculation  of  the  Ti-C-N  system  requires 
description  of  the  C-N  binary  in  addition  to  the  Ti-C  and  Ti-N 
binaries  discussed  above.  However,  since  the  information  required 
to  evaluate  such  C-N  interactions  is  not  available,  they  were 
assumed  to  be  equal  to  zero  as  a  first  approximation.  On  this 
basis  the  ternary  sections  at  1600,1800  and  2500K  for  the  N-C-Ti 
system  shown  in  Figures  8,9,10  were  calculated.  The  calculation 
shows  that  the  fcc-field  extends  from  the  TiC  to  the  TiN  side  and 
that  the  hep  phase  disolves  very  little  carbon. 


Vapor  deposition  of  solid  Ti^ 


x-y  l^xN> 


From  a  practical  point  of  view  it  is  interesting  to 
determine  what  composition  an  input  gas  must  have  in  order  to 
yield  a  specific  composition  x,y  of  the  carbo-n i t r ide .  The 
limiting  values  at  1800K  in  the  binary  Ti-C  system,  using  a 
mixture  of  TiCl^,  CH^  and  of  PtQt  =  1  atm,  was  calculated 
by  Bernard  et.  al.  (12).  In  principle  their  calculation  could 
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ligure  8.  Calculated  Isothermal  Section  at  IG00°K  in  the 
Ti tan ium-Car bon -Nitrogen  System. 
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be  repeated  not  only  for  the  extreme  compositions  (corresponding  to 

equilibrium  with  graphite  and  almost  a  pure  Ti  respectively)  but  for 

a  whole  family  of  different  compositions.  Each  composition  would  be 

represented  as  a  curve  in  the  P°TiC1  -  P°CH  -  plot.  The  calculation 

4  4 

is  quite  straight  forward.  From  the  given  solid  phase  composition 
the  C-  and  Ti-activities  can  be  calculated.  By  keeping  these  activities 
and  the  total  gas-pressure  fixed  and  solving  the  non-linear  system 
of  equations  formed  by  equilibrium  and  stoichiometric  conditions  for 
the  gas-mixture  one  obtains  P°Ticl  when  P°H  is  specified  or  vice 

versa.  If  a  nitrogen-bearing  component,  e.g.  NH^,  is  added  to  the 
input-gas  the  deposited  phase  will  also  contain  some  N.  The  input- 
gas  composition  required  to  obtain  a  certain  solid-phase  composition 
is  calculated  in  the  same  way  as  in  the  binary  case.  From  the  solid 
phase  compositon  the  C-,  N-  and  Ti-activities  are  calculated  and  the 
values  obtained  are  inserted  to  the  equilibrium  and  stoichiometric 
conditions.  In  this  case,  however,  each  solid  phase  composition  is 
not  represented  by  a  curve  in  the  P°iC1  -  PqH  -  plot,  but  by  a 

surface  in  the  p£.„,  -  P^,,  -  P? 


TiCl4  ”  PCH^ 


-  plot.  In  Figures  11-13  the 
3 


calculated  iso-activity  lines  in  the  fcc-phase  have  been  ploted  for 
each  component  at  1800K  so  that  the  activities  can  be  estimated  easily 
for  a  certain  composition  at  this  temperature.  As  expected,  the 
nitrogen  and  carbon  activities  required  to  obtain  a  solid  phase 
without  vacancies,  i.e.  xTi  =  0.5,  are  infinitely  high. 
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l-inure  11.  Calculated  Iso-activity  lines  tor  Titonium 
lltU  in  TiCC.N)  at  1S00K 


For  a  ternary  regular  solution  we  apply  the  following 
equation  for  the  integral  C.ibbs  energy: 

r._«  xA°C>*  -  x„  °r.„  ♦  °c.r  ♦  RT  fxA  lnxA  ♦  xBlnx0 


A  AB  H  C  "C 


♦  xClnxcJ  +  XAXB  LAR+  XAXC  LA C  4  XBXC  LBC  (Al) 

where  x.  xn  x  are  the  molar  fractions  and  subjected  to  the 
A  *  *  C 

condition  : 

XA>  xB  ♦  xc  •  1  (At) 

°G\  °(ip  °RC  are  the  (iibbs  energies  for  the  pure  components 
in  the  phase  under  consideration,  and  LAB ,  LAC,  LRC  are  inter¬ 
action-parameters.  In  a  subregular  solution  the  interaction 
parameters  exhibit  a  linear  concentration  dependence  in  the 
binary  odgc-sys terns .  In  this  report  the  following  representation 

has  been  applied  in  the  binaries: 

LAB  °l'AB  4  lL\H  (xA_V  (A3) 

!tn'  same  representation  will  also  lx*  applied  t  or  a  ternary  solution 
.■  standard  methods  the  partial  plant  i  ties  are  derived: 


whe  re 


<’»,  =°(!  •  *  !\  1  In  x  .  *  *  i  . 
J  J  J  J 


j  -A  ,  !>  ,C 


A 4  XI».  ,1-XA^  *'AB  +  _XB  4  “ x  H  (  1-x,\  ] 

x c ( 1 " x a 5  °1m:  4  -xc,l’xA?,xA’xc).]  1  la i: 


-  x  x 

XB  C  RC 


2xbxc(xb'xi;)  he 


\  =  XA(1"XB)  °LAB  'TXA  2xAf  I"xB,(xA'xB). 
♦xc(l-xB)  Lbc  ♦  £  xc  ♦  2xc( i-Xg) (xH-xc)J  1lb 

XAXC  LAC  *  2xAXC  fxA_xc’  LAC 


‘r,(.  »  x 


Afl-xc)  Lac  -  £xa  -  2x^1  1  -xc  ’  (xA-x(./J 
XC  1  ^RC  “  ^XB  "  2xB(  1_x('  '  LBC 


4  XBfl"xc'  !‘BC 


”XAXB  LAB  “  2xAxB  ^  XA”XB 1  LAB 
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The  sublattice  model  takes  the  following  form  for  the  case 
of  Ti  on  one  sublattice  and  a  mixture  of  C,  N  and  Va  (=vacant  sites) 
on  the  other  sublattice  (i.e.  Ti  (C,N,Va)  ) 

3  -C 


f.  =  yr  °G 
m  7C 


Ti  C  +  y 
a  c  N 


G 


Ti  N 
a  c 


yVa  a  C,Ti 


+  RT  c  [yClnyC  +  yN]n;yN  +  yva  lnyva 
+  yCyN  LCN  +  yC  yVaLCVa 


v  v  LTi  - 
yNyVa  NVa 


( A8 ) 


where  the  site  fractions,  y  can  be  calculated  from  the  ordinary 
mole  fractions  by  the  equations: 


yC  ~  -  x(/ *•  1-XC  ~  XN^ 

yN  ~  —  xm/ ( 1-xc  ”  XN ^ 

C 

un<I  yVa  •  l-yc  -  yN 

I  he  subscript  m  in  equation  A8  signifies  that  G  is  counted  per 
mole  of  formula  unit:  Ti a( C ,N , Va )  .  In  order  to  compute  G  for 


a  mole 

of  atoms  (or 

a  gram 

atom) 

equation  A8 

must  be 

mil  1 1  i 

plied 

by  the 

f  actor 

(1/a) 

(l-xN,-x 

’ 

The  followi 

ng  values 

of  a 

and 

fee: 

a=l,  c 

=  1 

bcc : 

a=  1 ,  c 

=  3 

hep : 

a-2  ,  c 

=  1 

( A1 

2) 

o  . 

Ti  C 

and  0 

G.r . 
ft  N 

arc  the 

Gibbs 

energy  of 

formation 

for 

the 

a  c  a  c 

compounds.  These  compounds  may  or  may  not  be  stable.  Moreover, 
experimental  data  may  or  may  not  be  available  for  the  compounds. 


(A9 ) 
(A10) 

(All) 


The  L-parameters  are  interaction  parameters  and  are  defined 
to  vary  with  composition  as: 


'ij  ■ 


°L. .  ♦  1L. .  (y.  -  y . ) 
1  j  ij  7 1  7  y 


( A 1 3  ) 
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The  partial  quantities  become: 

Cc  =  l  f°GTi  c  -  a  °GTi)  +  UT  (lnyc 


a  c 


F.r 
+  G, 


S  =  A  (  °CTi  N  ’  3  0GTi}  +  RT  (lny 


a  c 


h>W 


-  lnyVa} 


♦  !V, 


N 


rTi  -  °UTi  *  RT  f  lnYva  *  \i 


Furthermore ; 

Fv  _  1  r  Ep  Ep 

JC  "  A  t  GTi  C  *  GT i  Va„ 
c  a  c  a  c 


) 


Er  _  1  rEr  Er 

nN  *  c  1  (>T i  N  GTi  Va  ’ 
a  c  a  c 

Hr  1  EGt. 

Gt .  =  -  1 i  Va 

1  i  a  a  c 


(A13 ) 

f  A14  ) 
(A15 ) 


and 
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Appendix  C 

Summary  of  parameters  for  Ti-C-N  system,  (cal/mol ,  conversion 
tod/mol  by  multiplying  by  4,184). 


Liquid 

‘Vvjb  -  °n.p?P  =  4920  -  2. 91 
°g£  -  °G^r  =  27300  -  6.5T 

°gJj  -  j  °G®as  =  -2077  +  15 .981 

Subregular  solution,  Gm  given  by  F.q.  Al. 

°L^  =  =  0 

1jCN  Cl  u 

°Lq-  =  -23185  -  10. 5T,  1LCTi  =  30516  -10.5T 
°l^rri  =  -68482  -  7.5T,1LKT.  =  40975  +  7. 51 


(Ref.  8) 
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fcc 


°r^c  -  0(^1’  -  soo 


orfcc  o  hep  o,,Gr 
>TiC  "  'll  -  -439/2  +  2.5281 

orfcc  orhcp  1  orgas 
Gi  ;V  -  u,,.'  -  7  =  -79666  +  21.42! 


Sub  lattice  model,  Gm  given  by  F.q.  A8  a=c^l 

olifcc  _  l.Tifcc  , 

CN  ‘  CN  "  u 


o.  Tifcc 

u 


l.Tifcc 


CVa  =  -16099  +  °-36T'  lXVa 


■58801  +  11.031' 


°^aCC  *  -2b00°  +  4-4T»  ]l^CC  -  0 


(Ret .  8) 
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f 

hC£ 

Ref  state 

for  Ti 

\ 

o.,hcp 
f,Ti2C  • 

t  o~hcn 
2  r.T . 

°nhcP 

1  Ti  2N 

orhcp 

4.  UTi 

t  fifc  =  -93490  ♦  24. 7  IT 
:n2 

sublattice  model,  G  given  by  Kq .  A8  a  =  2 ,  c  =  1 

o.Tihcp  l.Tihcp 

CN  =  LCM  =0 


o.  Tihcp  .  , 

LCVa  =  -50000,  lL^!jcp  =  0 

°1 1 ihcp_  _qgg5  _3  447  l.Tihcp  _  _ 
1 NVa  ^NVa  -  0 

bcc 


"<;^c  -  ,  10.10  -  o.ot 


r»,.bcc 
'"I  iC 


'  -  °(^P  -  3 

I  1 


°(>|' 1  =  -44996  ♦  0,49 T 


-  °^tP  -  5/2  °i:«f  .  -104255  .  31. 221 

sublattice  model,  (1  riven  by  F:q.  A8  a  =  1,  c  =  3 

o .  T  i  b  c  c  1 , 1  i  b  c  c  „ 
lX\  LCN  =  0 

o.Tihcc  .  ..... 

TV  a  =  -50000  ,  ll-(*-va  C  “  0 

o. '!  ibcc  1 .  Tibcc  n 
‘‘.Va  ‘  LNVa  =  u 


et ra»ona 1 


o  tot 
I  i  ,N 


2  °Ghcl 
L  Ti 


1  o,.y  as 
7  *V 

L  Iv  , 


-120692  ♦  43.06T 

'v  1 

stoichiometric  Phase 

bns  °(^‘JS  -  °dJ|P  --  112685  -  48.024T  ♦  1.808  TluT 


(Ref.  6 J 
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